A hybrid control system has been proposed for compressor surge, which combines the active method with the passive method. A bleed valve was selected as the actuator in the proposed system. As a submode of the hybrid system, a fuzzy logic based active controller was designed to extend the stability operating range of the compressor. Meanwhile, a surge avoidance controller was used as a backup-mode to improve the safety performance of the system. The simulation results showed that the compressor can operate steadily outside the surge line under active control mode and can be dragged back to inside the surge line by the passive control mode when the alternative fails. One advantage of the proposed control system is that it does not need a model of the compressor, and it works on any compression system. Passive surge control is a reliable and widely applied method in industrial compressors. The hybrid system makes the active control approach closer to the industrial implementation.
Introduction
Axial and centrifugal compressors are widely used in various industrial fields, such as metallurgy, petrochemical engineering, the aviation industry, etc. However, the operating range of the two types of compressors is limited between surge line and choke line [1] . Working close to the surge line, the compressor may be pushed crossing the surge line. Then, instability phenomena such as rotating stall and surge will be encountered. Surge is characterized by a low frequency oscillation of mass flow and pressure rise in the whole compression system. The occurrence of surge will reduce the reliability and performance of the system. Worse still, vibrations caused by surge may lead to damage of the compressor.
During the last few decades, various measures have been introduced to overcome the problem of surge [2] . A surge avoidance system is a widely used passive method, which possesses good reliability. In the system, a surge avoidance line is defined, which is located on the right of the surge line on the compressor map. Compressors are not allowed to operate in the region between the surge line and the surge control line. These surge avoidance systems usually work by bleeding off flow from downstream of the compressor when the operating point is crossing the surge control line. One reason of interest to study the surge phenomenon is that high efficiency operating points are usually around the surge line. It can be seen that the reliability of surge avoidance systems is achieved through the sacrifice of efficiency and operating range [3, 4] . Especially in aero engines, the distance between the surge line and the surge control line is always conservative due to various and severe working conditions. As a result, a more powerful compressor with more stages should be selected increasing the weight of the engine.
A totally different solution for the surge problem is called active surge control, which was first presented by Epstein et al. in 1989 [5] . Active surge control systems do not attempt to avoid surge by limited the operating range of the compressor but by feedback control to stabilize surge itself. Several types of actuators could be used in active control systems. An air injector [6] , drive torque [7] , closed-coupled control valve [8] , movable plenum wall (including piston) [9] , and bleed valve [10] are reported frequently in the literature. Both the linear and nonlinear method can be used to design active surge controllers [11] [12] [13] [14] . However, only local stability can be achieved by a linear control system. In nearly all cases, a compression system dynamic model is needed to develop an active surge controller. Therefore, the robustness of those controllers is affected by the model accuracy. Although some achievements have been acquired by employing advanced algorithms like LQR, the Lyapunov method, and sliding mode variable structure control, a lot of tedious mathematical manipulation is needed, and these do not offer a simple solution.
A compressor is allowed to operate in the region outside of the surge line in an active control system. Therefore, a failure in the system will easily lead to the occurrence of surge. It is one of the main reasons that there is no report on implementations of active surge control systems up to now.
In this paper, a hybrid system is presented, which combines an active surge control system with a surge avoidance system. Using a bleed valve as the actuator, an active surge control system is designed to enlarge the operating range of the compressor, and a surge avoidance system is added as a backup system to prevent the surge when the active control system fails. The proposed hybrid system possesses the advantage of active control and the high reliability of the surge avoidance system simultaneously. Based on fuzzy logic method, a convenient design procedure and a simple controller format are acquired. This paper consists of five sections starting with the Introduction in Sec. 1. Section 2 describes a compressor dynamic model of the Greitzer type. Section 3 presents the design of the hybrid surge control system. Section 4 shows results of simulations. At last, some conclusions are listed in Sec. 5.
Compression System and Surge
A schematic of the compression system is presented in Fig. 1 , which includes a compressor, a plenum, a throttle, a bleed valve, and ducts. Due to the constant ambient pressure at the compressor inlet, throttle, and bleed valve's discharge side, a Greitzer-type mathematic model for the compression system is easily acquired as [4] 
where U and W are dimensionless flow and dimensionless pressure, respectively, normalized by
with mass flow w and pressure relative to the ambient pressure, and the dimensionless time n is defined by the Helmholtz frequency
The Greitzer parameter B is given by
Other parameters of the compression system model and their values used are listed in Table 1 [4] . And, meanings of subscripts are given in Table 2 .
To simulate the compression system model, steady state characteristics are needed to describe behaviors of the compressor, throttle and bleed valve. The dimensionless compressor characteristic W c ðU c Þ is usually approximated by a cubic polynomial
w c0 , H, and W are positive constants and determine the shape of the compressor characteristic, as presented in Fig. 2 . Dimensionless characteristics of the throttle and the bleed valve can be presented by a conic curve as
where c t and c b are the opening of the throttle and the bleed valve. Figure 2 shows the system trajectory during a compressor surge simulation. With the reduction of throttle opening from c t ¼ 0:8 to c t ¼ 0:4, the compressor operating point is moved to the surge region from the safe region gradually. And at last, the trajectory is attracted to a periodic orbit, which presents the deep surge. Therefore, the compressor working range is limited by a surge line between the surge region and the safe region.
Surge Control System Design
The proposed hybrid surge control system consists of a surge avoidance module and an active surge control module, as presented in Fig. 3 . The compressor mass flow w c is acquired and multiplied by K 1 to get U c (the dimensionless flow). The change of dimensionless flow _ U c is estimated by passing U c through a digital differentiator and a low-pass filter. The signals U c and _ U c are then fed to both the surge avoidance module and active surge control module simultaneously as input parameters. Both subsystems contain a fuzzy logic controller (FLC). There is a scaling factor K 2 before FLCs to ensure the value _ U c =K 2 is mapped correctly into a proper range. Since the actuator in the hybrid system is a bleed valve, the output signal of both subsystems is valve opening. The actual control signal u is selected between the output of the surge avoidance module u 1 and output of the active surge control module u 2 using a controlled switch. It can be seen that the active surge control works as a normal mode to enlarge the compressor operating range. However, the hybrid system would be switched to surge avoidance mode when the active surge control fails to stabilized the compressor. Therefore, the surge avoidance module is actually a back-up system to improve the overall system reliability.
The principle of the surge avoidance system using bleed valve is shown in Fig. 4 . A surge avoidance line is introduced on the right side of surge line in the compressor performance map. When the compressor operates in the region between the surge line and the surge avoidance line such as point A, disturbances in the system may easily induce the compressor surge. Therefore, the compressor is not allowed work in this region by the surge avoidance system. A bleed valve is commonly used to bleed off flow from downstream of the compressor. As a result, the compressor operating point is dragged back from point A to point B with constant rotor speed or point C with constant pressure rise. The distance between the two lines is called the surge margin (SM). Large SM minimizes the risk of instability. However, the bleeding flows are compressed and consume energy but are not used. It is, thus, clear that large SM reduce the overall efficiency of the system.
The surge avoidance module of the hybrid system is composed of Mamdani-type FLC, a scalar K 3 , and a limited integrator. As previously mentioned, inputs of the FLC#1 are the dimensionless compressor mass flow and the change of the dimensionless flow. Both inputs signals are normalized between À1 and 1 since it is a common practice in FLC design. The output of the FLC#1 is bleed valve action speed, which is normalized as well. The first step in FLC design is to translate inputs and outputs from numerical variables to fuzzy variables. For FLC#1, the dimensionless mass flow is divided into three sections: the surge region, surge avoidance line, and safe region. And the change of mass flow is divided into The FLC is designed with an IF-THEN rule structure. Table 3 lists the control rules used in FLC#1. The main function of the surge avoidance system is to prevent the compressor operating point crossing the surge avoidance line by opening the bleed valve. Conditions such as approaching to the surge avoidance line quickly from the safe region, crossing the surge avoidance line, and departing from the surge avoidance line to the surge region are considered the tendency to surge. And, the bleed valve will take the action of open fast or open to increase the mass flow. Before the compressor gets the stable state, opening is the only action of the bleed valve. Therefore, control rules in Table 3 are conservative. The valve opening is usually larger then is needed when the compressor working point back to the safe region. Then the action of close slowly will take to push the operating point to the surge avoidance line slowly. The conservative control rules possess good reliability and very suitable to serve as a back-up system.
A defuzzification process is needed to produce a numerical output. Benefiting from the impulse membership function for the bleed valve opening, the control rules in Table 1 are easily translated into matrix form denoted as Denote membership vectors of the mass flow and the change of mass flow as l 1 ðUÞ and l 1 ð _ UÞ respectively, the numerical output can be simply calculated by
where u f 1 denotes the output of FLC#1, which means the bleed valve action speed. Since only position command signal is acceptable for the bleed valve, an integrator is needed to translate the valve action speed signal to the opening command. Before the integrator, a scaling factor K 3 is used to map the normalized action speed to a proper range, which can be determined by trial and error. And the integrator output is limited to a reasonable range. Then, the bleed valve opening command signal u 1 will be fed to the system mode switch.
The active surge control module is the other main part of the hybrid system. Like the surge avoidance module, the active surge control module also contains an FLC. And, the designing of FLC#2 is similar to FLC#1. The inputs of FLC#2 are the dimensionless mass flow and the change of dimensionless mass flow, too. However, the output of FLC#2 is not the bleed valve action Fig. 6 . The dimensionless mass flow at surge line is 0.5. The control rules for FLC#2 are summarized in Table 4 . When the compressor works in the safe region, the bleed valve is stained no action. If the compressor operates near the surge line or in the surge region, the bleed valve will act according to the change of dimensionless mass flow. When the mass flow is increased, the valve will close to decelerate the flow. When the mass flow is decreased, the valve will open to accelerate the flow. If the active controller is effective, the mass flow will approach to stable, and the bleed valve approach to no action. Actually, the bleed valve works like a damper in the compression system to suppress the surge. The bleed valve can be a two-sided type or one-sided type. A two-sided type bleed valve means a preset bleeding flow is needed corresponding to no action. The effect of this bleeding flow is added to the effect of the throttle in the compressor model. A one-sided type bleed valve means the valve is unable to close to a negative opening, and there is no bleeding flow corresponding to no action. For a two-sided type valve, close means a smaller opening than the preset opening. However, for a one-sided type valve, close does not mean close the valve to a negative opening, but close to the zero opening at a fast speed.
Similar to FLC#1, the control rules of FLC#2 can be presented as matrix form as and the numerical output of FLC#2 is calculated by
where u f 2 is the output of FLC#2, and l 2 ðUÞ and l 2 ð _ UÞ are membership vectors of the mass flow and the change of mass flow, respectively. A scaling factor K 4 is used to map the normalized bleed valve opening command to a proper real command. Then the real command u 2 will be fed to the control mode switch and a failure detector. The failure detector includes the allowed range of the bleed valve opening. If the opening command from the active surge controller is out of the range, a signal "1" will be exported to the control mode switch. Otherwise, the detector will output a "0." Then the switch arbitrates between the surge active control mode and the surge avoidance mode according to the failure detector output.
Simulation Results
Before starting simulations, it is worthwhile to determine the maximal required bleed valve opening. According to Table 1 , the surge line of the studied compression system is c t ¼ 0:6155. The minimal throttle opening during the compressor working process is presumed to be 0.5. Since the surge avoidance line is selected at c t ¼ 0:68, where the dimensionless mass flow is 0.55, the maximal required bleed valve opening should be more than 0.18. In all simulations, the selected maximal bleed valve opening is 0.2, which means the scaling factor K 4 in the active surge control module is 0.2. The influence of bleed valve dynamic on system performance is another problem that has to be determined. With reference to other researchers, bleed valve dynamic can be modeled as a massspring-damper system with a transfer function as
The dimensionless natural frequency x co is given by
where f co is the natural frequency of the bleed valve. In all simulations, the compression system operates near the surge line with c t ¼ 0:62 initially, where higher pressure rise and efficiency can be achieved. And, various disturbances in the system will easily push the compressor into surge.
Active Control Under
Step Disturbance. In this subsection, a step drop of throttle opening from 0.62 to 0.5 is simulated, which is assumed as one of the most difficult conditions to active control. The bleed valve dimensionless natural frequency x co is assumed 10, which is a high frequency relative to the system Helmholtz frequency. The simulation result is shown in Fig. 7 . It can be noted that the proposed active surge controller can stabilize the compressor at a new operating point in the surge region even under a big step disturbance with a small bleeding flow. Transactions of the ASME 4.2 Active Control With White Noise Disturbance. Noise is widespread in various systems. To evaluate the influence of noise on the system, a step disturbance with a zero means white noise is simulated in this subsection. The range of the step disturbance is also from 0.62 to 0.5. The bleed valve dimensionless natural frequency x co is 10, too. The simulation result is presented in Fig. 8 . The compressor also can be stabilized at the new operating point with white noise. And, only a very small negative bleeding flow is needed to suppress the white noise disturbance.
Active
Control With a One-Side Bleed Valve. In this subsection, active surge control with a one-side bleed valve is simulated. The simulation result is given in Fig. 9 . It can be seen that the compressor could not be stabilized at a single operating point with a one-sided bleed valve but enters a small range oscillation state instead. Therefore, a two-side bleed valve with a small preset opening is acclaimed in active surge control.
The Influence of Bleed Valve Natural Frequency on
Active Control. Bleed valve natural frequency reflects its corresponding speed and, thus, plays a critical role in active surge control. In previous simulation tests, the dimensionless natural frequency of the bleed valve is defined as 10, obtaining a quite high speed. By gradually lowering bleed valve natural frequency, the simulation process of step disturbance plus white noise is repeated. It can be observed from the simulation that as bleed valve natural frequency is lowering, the effectiveness of surge control is weakening, the time for the compressor to be stabilized is longer and the oscillation range when the compressor is at operating point is becoming larger. When the dimensionless natural frequency of bleed valve is smaller than 5, active surge control fails, and the compressor enters in surge state. When the natural frequency is 4, the simulation result is shown in Fig. 10 , which demonstrates that actuator of high frequency is beneficial to active control.
4.5 Surge Avoidance When Active Control Failed. Perform simulation on surge avoidance control when active surge control fails. Assuming bleed valve opening is tolerable within [À0.05, 0.2], when the opening value output from the active surge controller is beyond that tolerance, then the active control failure signal will be set. When the dimensionless natural frequency of the bleed valve is 4, we can tell from the last simulation that without surge avoidance control as a back-up system, the compressor will enter surge state. With surge avoidance control added, the simulation result is shown as Fig. 11 . Actioned by the active controller, the compressor's operating point starts to move towards the surge region, while when active control failure is detected, the bleed valve will enlarge quickly to its maximum opening and then gradually move towards the surge avoidance line c t ¼ 0:68, which prevents the compressor from entering surge state.
Conclusions
Based on fuzzy logic control, this paper has designed an active/ passive hybrid control system for compressor surge. Fuzzy logicbased design eliminates the reliance of active control on the compressor model and improves the system's adaptability. Applying an active surge controller as the main mode for the control system has enlarged the compressor's stable operating range then applying the surge avoidance system as a backup mode to play a role to prevent the compressor from becoming unstable when the active control mode fails. Therefore, this control system boasts advantages of both active control with a large operating range and surge avoidance system with high reliability, expanding the compressor's operating range and efficiency and, thus, improving engine performance. Transactions of the ASME
